ABSTRACT The in vivo emission spectra of sixteen species of Jamaican fireflies and four species of American fireflies have been measured with a photoelectric recording spectrometer. A simple technique of stimulation with ethyl acetate vapor was found to elicit bright continuous emission over a period of several minutes. Although the luciferin-luciferase cross-reactions were positive in all cases tested, peak intensity wavelengths show distinct species differences, ranging from 5520 to 5820 A. Widely separated emission peaks arise from the thoracic and abdominal organs respectively in the same animal, the click-beetle, Pyrophorus.
INTRODUCTION
It is a well established observation that the light emitted by different species of fireflies ranges in color from intense green to bright yellow. The spectral distribution of the bioluminescence emission has been the subject of numerous investigations, summarized in Table I . Included in Table I and italicized for easier identification are the measurements on twenty species reported on in the present paper. The use of photographic spectrometry by Coblentz (1) eliminated the physiological Purkinje effect as being solely responsible for observed visual color differences. It is still conceivable that the differences can be due to self-absorption in the photogenic cells or to absorption in the "transparent" layer covering the light organ. However, Seliger and McElroy (2, 3) demonstrated a color shift in the bioluminescence of purified extracts of Photinus pyralis luciferase and luciferin, varying with pH or, more recently, with Zn++ ionic concentration. Further they demonstrated that Photuris pennsylvanica enzyme extract plus Photinus pyralis luciferin produces the green emission of pennsylvanica while Photinus pyralis enzyme extract plus Photuris pennsylvanica luciferin produces the yellow-green emission of pyralis. Both the color shift and the enzyme-specific bioluminescence emission imply that enzyme differences among species, either in specific amino acid components or in tertiary 
SUMMARY OF MEASUREMENTS OF EMISSION SPECTRA OF FIREFLY BIOLUMINESCENCE
The species Photinus marginellus, Photinus pyralis, Photinus scintillans, and Photurispennsylvanica are native to the eastern United States and were collected and measured during the summer of 1963. All the other species newly reported in the present work were collected and measured in Portland parish, Jamaica, in February, 1963. Unless otherwise indicated only a single specimen of the species was studied. The sex of specimens is specified where known. It is likely that where sex was not specified in literature reports on species of Photinus, male specimens were involved because in this genus the males are usually much more common than the female and have much the larger light organ. structure, are responsible for the observed color variations. It is therefore important from the viewpoint of mechanism to obtain in vivo emission spectra of additional species of fireflies and to examine their respective purified luciferin-luciferase systems. The present paper is an attempt to systematize the in vivo emission spectra, as a first step toward solution of the general problem.
EXPERIMENTAL TECHNIQUE
The spectrometer used was a portable Fastie-Ebert type grating spectrometer (4) with a focal length of 500 mm and a linear dispersion in first order of 27 A/mm. The grating was a 4 inch square replica, 1200 lines/mm, blazed at 5000 A. The phototube was an E.M.I. 9558B. This is an 11 stage Venetian blind dynode type with a tri-alkali photocathode, S-20 response. The combined spectral efficiency of the spectrometertransmission phototube sensitivity was determined with a National Bureau of Standards tungsten color temperature standard lamp, operated at a color temperature of 2854°K. Over the visible region (4000 to 7000 A) the relative energy distribution of the radiation from the color temperature lamp is the same as that for an ideal blackbody. The data of Barbrow (5) for a color temperature of 2854 0 K were therefore converted from microwatts per steradian-10 m-candela to photons per second-steradian-10 ma/-candela. At a fixed arbitrary phototube gain the current per photon per second was measured as a function of wavelength. The normalized averaged results for five of the filaments of the NBS standard lamp are plotted in Fig. 1 .
The spectrometer grating was driven by a rotating "sine " cam, such that dt = constant. The angular speed of the grating, as driven by a small synchronous motor and a stepwise adjustable ratio gear box, could be varied from 10 RPM to Y RPM.
The DC amplifier used to measure phototube current was the same as that described previously (6) . The recorder was a transistorized two-channel Sanborn model 320. Rotating on the same axis as the sine cam was a circular cam with evenly spaced indentations around the periphery. This, in conjunction with a lever-action microswitch, furnished "event-pulses" to the Sanborn recorder. These event, or marker pips were spaced at equal time intervals which, owing to the sine displacement of the grating, corresponded to equal wavelength intervals. Thus the wavelength calibration of the spectrometer was linear with marker number and therefore with chart distance. The wavelength calibration curve of the instrument was obtained with a low pressure Hg discharge lamp. All observed current measurements were corrected for spectral efficiency using the data of Fig. 1 . The time for a complete spectrum was approximately 10 seconds.
The Jamaican fireflies were mainly collected on the Long Bay-Ecclesdown back road in the hills at the base of the John Crow Mountain range in the northeast section of Jamaica at an altitude of approximately 750 feet. It is possible in Jamaica, in a relatively small area at the same altitude, to collect numbers of more than a dozen different species of firefly, which is a distinct advantage for the types of comparisons in which we are interested. In the Baltimore area over the entire summer of 1963, only four species were found, and some of these only rarely. Definite identification of the Jamaican species was made on the basis of the shape and coloration of the dis-sected genitalia as described by McDermott and Buck (7) . The American species were identified on the basis of the data of Green (8) For studies of the thoracic organ of the large luminous elaterid beetle Pyrophorus, which glows steadily for long periods, the animal was mounted directly at the 1 mm wide entrance slit of the spectrometer. To observe the ventral light organ of Pyrophorus, which is situated in a cleft between the thorax and abdomen, it was necessary to remove the hard wing cases and fold the body backwards. With the smaller lampyrid fireflies, which ordinarily luminesce only via brief flashes separated by long intervals of darkness, the following procedure was used: a glass tube 5 cm long and approximately 3 mm inside diameter was constricted at one end to hold a small cotton plug and fitted with a small rubber tube. The tube was fixed vertically at the center of curvature of the spherical entrance mirror, constricted end down. In aligning, a miniature lamp with a 2 mm filament was inserted into the glass tube to a fiducial mark and the image of the filament was focussed directly on the entrance slit of the spectrometer. The live firefly was then gently put in place of the miniature lamp, tail down, so that the light organ was at the fiducial mark and then wedged from above with cotton. A drop of ethyl acetate was placed on the cotton wedge and the vapor was gently drawn through the glass tube by inhaling through the rubber tube attached to the constricted end. In a time ranging from 15 seconds to about 60 seconds the firefly would start to flash weakly, then more strongly and would finally emit a bright continuous light lasting between 2 to 5 minutes. The continuous glow usually appeared first at one small spot on the light organ and then spread over the entire organ. After this the light would flicker and then finally go out. The firefly 99 never completely recovered from this treatment although the next day it was usually still alive and able to glow weakly.
We found the effect of ethyl acetate to be consistent in all lampyrid fireflies with the exception of Diphotus for which ethyl acetate seemed completely inhibitory. It is interesting to note that Diphotus does not "flash" like the others but in nature emits a U-(I, thoracic organ. For example, Fig. 2 a shows the normal green emission spectrum of the thoracic organ and the same emission, b and c, modified by absorption in the cuticle surrounding the organ. The effects were produced by mounting the beetle at various angles so that the body cuticle acted as an absorber.
However, during a more recent collecting trip to the same region, two of The emission spectra of the bioluminescence of various Jamaican and American fireflies are given in Figs. 3 and 4 respectively. Fig. 5 is a tabulation of the emission peak positions for all the species measured. The wide range of emission peaks, from 5520 A in Photuris pennsylvanica to 5820 A in the ventral organ of Pyrophorus plagiophthalamus is remarkable in that all the firefly luciferins that we have isolated and tested by paper chromatography, fluorescence emission, and fluorescence excitation are the same as synthetic luciferin. There is thus no reason to suspect that the mechanism of oxidation of luciferin is different for the different species. Rather it appears that different enzyme-substrate combinations can have slightly different energy levels and consequent differences in emission spectra. From the symmetric shapes of the spectra Figs. 3 and 4 for Jamaican and American fireflies respectively, it would seem unlikely that the resultant color is a mixture of the emissions of molecular species, one with its maximum in the green region and the other in the yellow or red regions. However, we have in the case of the pyralis luciferase-luciferin reactions been able to demonstrate the existence of two such 580 570 560 550 FIGURE 5. Summary of peak emission wavelengths for twenty firefly species reported in this paper. The spread in emission peaks is over 300 A. Data: all lower case names are of the genus Photinus except jamaicensis and pennsylvanica. These latter are of the genus Photuris. Except where underlined, only a single specimen was studied.
emitting molecular species in vitro (2) . There is the normal yellow-green emission at neutral or alkaline pH together with a small fraction of a red emission at around 6140 A. At acid pH values, the yellow-green emission is inhibited and only the low intensity red emission is observed. fore likely that the differences in emission of the various species are due to either the complexing of the luciferyl adenylate molecule with some such group on the protein molecule, or the slight admixture of a red-emitting molecular species to the predominant yellow-green emission. Different firefly species, due to slightly different enzyme structure, might then emit in slightly different spectral regions.
